participants/materials, setting: The study group consisted of 466 children born after TPT, while the control groups consisted of 8967 (ICSI with ejaculated sperm), 17 592 (IVF) and 63 854 (NC) children. Neonatal outcomes and congenital malformations were analysed for singletons and twins separately. Risk estimates for low birthweight (LBW, ,2500 g) and preterm birth (PTB, ,37 gestational weeks) were adjusted for maternal age, parity, child gender and year of childbirth. The study group was identified from the Danish national database on children born after TPT. Control groups were obtained from the IVF register and the MBR. All information included in the study was retrieved from the national registers.
Introduction
Since the first children were born after ICSI using testicular sperm (Craft et al., 1993; Schoysman et al., 1993) , the use of TESE (testicular sperm extraction), PESA (percutaneous epididymal sperm aspiration) and TESA (testicular sperm aspiration) has steadily increased. In 2010 a total of 234 TESE/PESA/TESA (TPT) treatments were performed in Denmark (The National Board of Health, Denmark).
Two meta-analyses and a large Swedish national cohort study have shown a statistically significant increased risk of birth defects of 30 -40% after IVF/ICSI when compared with natural conception (NC, Hansen et al., 2005; Källén et al., 2005; Lie et al., 2005) . Although the risk of birth defects in IVF/ICSI singletons have declined over time, an increased risk of 10 -20% in singletons conceived by assisted reproduction still remains (Källén et al., 2010) .
Following ICSI using ejaculated, epididymal or testicular sperm, the rate of malformations, particularly in the cardiovascular system and the urogenital tract, appears to be increased (Wennerholm et al., 2000; Ludwig and Katalinic, 2002; Källén et al., 2005; Fedder et al., 2007) .
In a previous Danish descriptive study based on a smaller cohort of the present material and also including children born of Norwegian couples treated in Denmark, a significantly decreased sex ratio (F/ C) of 0.83 ( 45.4% males) for children born after ICSI with sperm retrieved from testis or epididymis was observed when compared with a Danish national IVF cohort (1.13; 53.1% males) (Fedder et al., 2007) .
Several studies have demonstrated that children born after ICSI with ejaculated sperm do not have poorer neonatal outcome than IVF children (Bonduelle et al., 2002; Pinborg et al., 2004) . In a recent study neonatal outcome for children conceived by ICSI with epididymal sperm was found to be similar to that of children conceived by ICSI with ejaculated sperm (Woldringh et al., 2011) . However, a higher rate of hypospadias and cardiac malformations has been suggested after ICSI with epididymal or testicular sperm (Fedder et al., 2007) . However, according to neonatal outcome as well as congenital malformations in children born after ICSI with epididymal or testicular sperm, studies are few, with limited sample size, heterogeneous and often performed without relevant control groups (Woldringh et al., 2010) .
The aim of this study was to compare neonatal outcomes and rates of congenital malformations and imprinting disorders in a national cohort of children conceived after ICSI with epididymal or testicular sperm with appropriate control groups including children born after ICSI or IVF with ejaculated sperm or NC.
Materials and Methods
This population-based cohort study included all Danish children born after ICSI with epididymal or testicular sperm in Denmark from 1 January 1995 to 31 December 2009 (Group A). The TPT group (Group A) was identified from the Danish national TPT database, which was created along with a national questionnaire examination. All Danish fertility clinics contributed and a response rate of 97.5% was obtained with only 2.5% of TPT children missing (Fedder et al., 2007) . In Denmark, every human individual has a unique identification number in the Centralized Personal Registry (CPR number) that is widely used by healthcare and social service providers. No other information than CPR numbers for mother and child was taken from the original TPT database. All information for the study and the control groups were retrieved from the national registers including the Danish Medical Birth Register (MBR).
In total we identified 499 children born after ICSI with epididymal or testicular sperm. In the final study population we included only women with complete data on child sex, maternal age and gestational age in the MBR (N ¼ 466; Group A). This group was sub-divided into 290 (62.2%) singletons and 176 (37.8%) twin children. The conventional IVF and ICSI groups were identified by a cross-linkage of the Danish IVF register and the MBR. In the MBR register date of childbirth was linked to a specific IVF/ICSI date of ovum pick-up in the IVF register by the unique maternal CPR number. If more dates of ovum pick-up matched the pre-defined criteria for date of child birth, we selected the date closest to the date of delivery.
Neonatal outcome and malformations in TESA/PESA children The control groups consisted of 8967 children (n ¼ 5866 singletons; n ¼ 3101 twins) conceived by ICSI with ejaculated sperm (Group B) and 17 592 children (n ¼ 11 060 singletons; n ¼ 6532 twins) conceived by conventional IVF (Group C). In order to compare with children born after NC we identified all twins born after NC during the same period via the MBR (n ¼ 30 002). A random sample of NC singletons, 2-fold the size of the IVF/ICSI singleton group and matched by date and year of birth, was selected from the MBR (n ¼ 33 852) Hence, the group of children conceived by NC consisted of 63 854 children (Group D). As the compulsory Danish IVF Register did not record treatment with ovulation induction/ovarian stimulation or intrauterine insemination until 2007, children born after such treatments may be included in the NC singleton and twin groups. However, the proportion of such children is only 2% (http//:www.fertilitetsselskab.dk).
The following variables were retrieved from the registers: maternal age, parity, Caesarean section, birthweight (BW), gestational age, child gender, stillbirth, perinatal and neonatal mortality together with congenital malformations. In the MBR, the duration of gestation in IVF/ICSI pregnancies with fresh embryos is determined from 14 days before the date of oocyte pick-up.
The information on all discharge diagnoses regarding malformations, chromosome aberrations, imprinting related diseases and malignancies was obtained from the National Hospital Discharge Register (HDR) from date of birth until 31 December 2010. Thus, the follow-up period of the infants varied from 12 months to 15 years. All diagnoses were classified according to the International Classification of Diseases, 10th edition (ICD-10 codes) in HDR.
Children registered with one of the following diagnosis codes were recorded as having an 'imprinting-related disease': Angelman syndrome Q93.5C, Russel-Silver syndrome Q87.1G, Bechwith-Wiedeman Q87.3A, Prader Willi Q87.1E, retinoblastoma C69.2A, Wilms tumour C64, osteosarcoma C40-41, hepatoblastoma C22.2, histiocytosis maligna C96.1.
Definitions
Gestational age was defined as the period of 14 days prior to oocyte pick-up until delivery. To exclude outliers, only children with gestational age between 22 and 44 weeks and BW between 400 and 7000 g were included. Preterm birth (PTB) was defined as delivery before 37 completed weeks and very preterm birth (VPTB) was defined as delivery before 32 completed weeks of gestation. Low BW (LBW) was defined as ,2500 g and very low BW (VLBW) as ,1500 g. Stillbirth was defined as delivery of a dead child after gestational age of 22+0 weeks, and perinatal death was defined as intrauterine death (after gestational weeks of 22+0) or death during the first week of life (Days 0 -6), while neonatal death was defined as death during the first 4 weeks of life (Days 0 -27).
Malformations were defined as conditions registered in the International Classification of Diseases and Health Related Problems, 10th Revision (ICD-10; Danish National Board of Health (1994) as a congenital malformation or chromosome abnormality (ICD-10: Q00-Q99). Complete data were obtained for .92% of the children according to sex, maternal age, parity, BW, gestational age, live births, stillbirth, peri-/neonatal mortality, Caesarean section and congenital malformations.
Statistics
Continuous data were analysed using linear regression, with an adjustment for dependence between twins using the robust variance estimation (Tables I and II) . Dichotomous data were analysed using the binomial regression when there were .10 events in each group, with an adjustment for dependence between twins using the robust variance estimation. When there were ,10 events in a group we used Fisher's exact test with an adjustment for dependence between twins using the Bonferroni adjustment (Tables I and III -VI) . Adjustments were performed for maternal age (,30, 30 -34, 35 -39 , ≥40 years), parity (0 or ≥1 previous births), child gender and infant year of birth (1995-1997, 1998-2000, 2001 -2003 and 2004 -2006) . Data were analysed in SPSS (PASW Statistics), version 18.01. Statistical significance was defined as a probability value of P , 0.05.
According to the Danish legislation, studies based solely on register data and with no personal involvement of the participants do not require approval from an ethical committee. The study was approved by the Danish Data Protection Agency (J. no. 2008-41-1891 ) and the National Board of Health. The authors have no conflicts of interest.
Results

Demographics/maternal background data
The mean maternal age in Groups A and B was similar (for singletons as well as twins), whereas the mean maternal age in the TPT group (A) was significantly lower than that in the group of conventional IVF (C) and significantly higher than that in the group of NC (D). The rate of primiparity in the TPT mothers was significantly higher when compared with the three control groups (Table I) .
Evaluating singletons and twins as one group, the sex ratio (F/C) was significantly lower in Group A (0.89 47.0% males) compared with that in Group C (1.11 52.6% males; P ¼ 0.017) but did not differ significantly compared with Group B (0.94 48.4% males, P ¼ 0.59) or Group D (1.05 51.3% males; P ¼ 0.068). We found no significant differences in the sex ratio in the analyses restricted to singletons and twins only (Table I) .
Obstetric outcome
Singletons
The mean BW for singletons was significantly lower in the TPT (Group A) versus naturally conceived singletons (Group D), but similar compared with singletons born after ICSI with ejaculated sperm and IVF (Group B and C). The difference in the mean BW between Groups A and D disappeared when including only the first-born child in the analysis (Table II) . The mean gestational age was similar for singletons in Groups A and D (279 days) but significantly longer than in Groups B (277 days; P ¼ 0.03) and C (276 days; P ¼ 0.002). When restricted to analyses on the first-born child, a significant difference in the mean gestational age remained only between Groups A and C (Table II) .
The rate of LBW was significantly higher in Group A (5.9%) than that in Group D (3.5%) (Table III) . A significantly lower rate of VLBW in Group A compared with children conceived by conventional IVF was observed (Table III) . The rates of PTB and VPTB in Group A were significantly lower than that in Group C, and VPTB was also lower in Group A compared with Group B (Table III) . The rate of Caesarean sections in Group A singletons was similar to the rate in Group D but significantly lower than the rates found in Groups B and C (Table III) . The adjusted risk (AOR) of LBW was significantly higher in Group A compared with Group D, while no adjusted risk differences of PTB were demonstrated between the TPT group and any of the control groups (Table IV) Neonatal outcome and malformations in TESA/PESA children
Twins
The mean BW and gestational age in Group A twins was similar to the other groups, while the mean BW of the first-born twins was higher in Group A compared with Group D (Table II) . A very low frequency of VLBW was found in Group A (1.2%) compared with each of the other groups (6.9, 8.2, 7.1%), but Group A did not differ significantly from the other groups according to LBW (Table III) . After adjusting for possible dependency between twins, a similar rate of Caesarean sections was found in Group A compared with any of the three control groups (Table III) . No differences were found in the AOR of LBW and PTB (Table IV) .
No statistically significant differences in rates of stillbirths or neonatal death associated with the mode of conception were observed. For twins in Group A the rate of perinatal deaths was found significantly lower than in Group D (Table III) .
Congenital malformations
As shown in Table V no overall increased rate of congenital malformations was found in Group A compared with the other groups. However, the rate of neoplasms in bones or joint cartilages, including osteosarcomas, was found slightly increased for twin children born after ICSI with epididymal/testicular sperm (1.14%) compared with ICSI with ejaculated sperm (0.13%; P ¼ 0.03) and NC (0.21%; P ¼ 0.04), although not significantly increased when compared with conventional IVF (0.21%). No possible imprinting-related disorders except osteosarcomas were detected in any of the four groups.
When focusing on specific organ systems, an increased rate of cardiac malformations, such as Fallots tetralogy and ventricular septal defects, was found for singleton boys conceived with epididymal or testicular sperm (3.6%) compared with singleton boys conceived by conventional IVF (1.4%, P ¼ 0.04) or NC (1.1%; P ¼ 0.02) (Table VI) . Considering the groups as roughly representing a gradually increasing severity of male infertility from Group D to Group A, a significantly increased trend in cardiac malformations correlating with the severity of male infertility was found (P , 0.001).
No significant differences were found in the rates of hypospadias and non-descended testicles between Group A and the three control groups, neither for singletons nor twins. However, again considering Group D to A as a gradually increasing severity of male infertility, the rate of non-descended testicles gradually increased in boys (singletons as well as twins) (P , 0.001). The same trend existed for hypospadias both in singletons and twins, although this was not statistically significant (Table VI) .
Discussion
This Danish nationwide cohort study shows that singletons as well as twins born after ICSI with epididymal or testicular sperm have similar perinatal/neonatal outcomes and similar total congenital malformation The values are % (95% CI). LBW, low birthweight; VLBW, very low birthweight; PTB, preterm birth; VPTB, very preterm birth.
a Singletons: Fisher's exact test. Twins: binomial regression with adjustment for dependence between twins using robust variance estimation when there were 10 or more events in each group, otherwise Fisher's exact test with Bonferoni's method adjustment for dependence between twins. The exact 95% CIs for rates were calculated using the F-distribution.
rates compared with children born after IVF and ICSI with ejaculated sperm.
Comparing singletons born after ICSI with non-ejaculated sperm to natural conceived singletons we found a lower mean BW and a higher adjusted odds ratio of LBW. For TPT singleton boys we found a significantly higher rate of cardiac malformations but no increased rate in congenital malformations overall. In this registry-based study we were not able to relate outcome to the origin of sperm retrieved, e.g. testicular or epididymal, since this information was only available in the IVF register for the last period of the study. However, in our previous study a significantly higher rate of cardiac malformations were found in TPT children conceived with testicular as well as epididymal sperm, supporting the assumption that the origin of the sperm is not associated with the risk of developing specific malformations (Fedder et al., 2007) .
The lowest sex ratio was found after ICSI with testicular or epididymal sperm (0.89) and conventional ICSI (0.94), while the highest ratio was found after IVF (1.11). The sex ratio of NC was as expected (1.05). An equal pattern was seen in our previous study, which also demonstrated an even lower sex ratio when testicular (compared with ejaculated) and particularly epididymal sperm were used for ICSI (Fedder et al., 2007) . Other studies have also found significantly higher male/female ratios after conventional IVF (1.14 and 1.11) compared with ICSI (0.96 and 1.01) (Ericson and Källén, 2001; Bonduelle et al., 2002) .
According to the well-known differences in perinatal outcomes between singletons and twins, separate analyses for singletons and twins were performed. In the twin analyses the unequal distribution of monozygotic (MZ) twins between the assisted reproductive technology (ART) groups (A, B and C) and the naturally conceived control group (Group D) may bias the comparisons between Groups A and D. The MZ twin rate in ART pregnancies is 1 -2% compared with 20-30% in non-ART twin pregnancies. One way to overcome this problem is to make comparisons restricted to different-sex twin pairs, thereby excluding all the MZ twins. As twins were not the main focus of this study and due to the limited number of twin children (n ¼ 176) in Group A, we decided not to make sub-analyses on different-sex twin pairs. Further, the MZ-twin rates may only influence the comparisons between Groups A and D.
The pattern of the mean BW was in accordance with previous studies: singletons were heavier than twins, boys heavier than girls and naturally conceived children heavier than children conceived by IVF or ICSI. Further, children conceived after ICSI with ejaculated as well as non-ejaculated sperm had a higher mean BW than IVF children (Bonduelle et al., 2002; Ludwig and Diedrich, 2002; Pinborg et al., 2004; Woldringh et al., 2011) .
Obviously, severe male infertility is the most common reason for ICSI treatment and thus the female of an ICSI couple may in general be more 'reproductively healthy' than women treated with conventional IVF. For example, female diagnoses such as polycystic ovarian syndrome, fibroids or endometriosis may be less frequent in females in the ICSI population. This may explain the higher mean BW (although not significant) in the TPT/ICSI groups compared with the IVF group.
Despite an essential overlap between the TPT cohorts in this and our previous study, the rate of congenital malformations of 7.7% found in this study was significantly higher than the 3.4% found in our previous study (Fedder et al., 2007) . There are two main reasons for this divergence, firstly malformation rates in our previous study were based on a self-reported questionnaire filled in by the parents and secondly, only major malformations were to be reported, while the present study is based on national register data including The values are OR (95% CI). Binomial regression with adjustment for dependence between twins was done using the robust variance estimation. LBW, low birthweight; PTB, preterm birth.
a Adjusted for mothers' age (,30, 30 -34, 35 -39 and 40+ years), sex, birth year (1995-1997, 1998-2000,2001 -2003, 2004-2009 ) and parity (1,2+).
Neonatal outcome and malformations in TESA/PESA children minor malformations. Major congenital malformations have been defined as malformations causing functional impairment or requiring surgical correction, while remaining malformations are considered 'minor' (Fedder et al., 2007) . In a recent study, Belva et al. (2011) found the rate of major malformations in 724 children conceived by ICSI with epididymal or testicular sperm (4.8%) non-significantly increased compared with 2516 children conceived by ICSI with ejaculated sperm (3.4%). In a questionnaire study, Woldringh et al. (2011) found that 3.6% of 370 children conceived by ICSI with epididymal sperm had major malformations. This rate did not differ significantly from major malformation rates in children conceived by IVF or ICSI with ejaculated sperm. In a systematic review including five smaller studies, the 95% confidence interval (CI) of major malformations after ICSI with epididymal (2.0-4.3) and testicular sperm (0.0 -9.2) was comparable to IVF (1.7 -3.8) or ICSI with ejaculated sperm (1.9 -8.4) (Woldringh et al., 2010) . These results all correspond to our findings. Perhaps the 'definite health condition' was better described by the calculation of the rate of malformations per live year. However, this may over-correct the 'error' as most major malformations are expected to be detected in early life. As a diagnostic tool echocardiography is only performed if cardiovascular symptoms are present. Whenever echocardiography is performed systematically during follow-up of a cohort, e.g. a cohort of children conceived by ICSI, a higher incidence of cardiac malformations may be found, as also asymptomatic cases will be diagnosed (Lancaster et al., 1995) . An exception from this is undescended testicles, as the rate may increase during childhood due to re-ascending of the testicles (Fedder and Boesen, 1998) .
In this study, the rate of undescended testicles seems directly related to the severity of the infertility in the father. The association between reduced semen quality, cryptorchidism and hypospadias is well documented, and the most likely explanation hereto is that fathers (with reduced semen quality) and their sons (with undescended testicles or hypospadias) share the same susceptibility genes for reproductive dysfunction (Skakkebaek et al., 2001; Asklund et al., 2007) . However, in the present study the rate of hypospadias was not significantly associated with the severity of male infertility.
Data from the MBR and the HDR were recorded similarly for both study and control groups thereby allowing an identical methodology in order to compare neonatal outcomes and congenital malformation rates for a follow-up period of at least one year. One of the major limitations in the present study is that we were unable to classify the TPT group according to testicular or epididymal sperm as these data were not available in the IVF register. Previous studies have shown that the outcome may differ after use of immature testicular sperm and aged epididymal sperm (Fedder et al., 2007; Woldringh et al., 2010) . The optimal evaluation of outcomes after ICSI using epididymal or testicular sperm should also take the aetiology of infertility into account. In non-obstructive azoospermia (NOA), the sperm is always retrieved from testicular tissue. However, it is not sufficient to distinguish between obstructive azoospermia (OA) and NOA (as done by, e.g. Belva et al., 2011) , since each of these conditions include a heterogeneous group of diagnoses. Further OA may develop into NOA (due to impaired sperm production), as sperm production decreases over time due to the obstruction, e.g. vasectomy (Thomas, 1987 The values are n % (95% CI). Ideally all pregnancies, also miscarriages and induced abortions due to congenital malformations or chromosomal abnormalities, should be included in the congenital malformation rate. Unfortunately this was not possible in the present study, as the majority of fertility clinics do not register all elective abortions and miscarriages. In a previous study ,10% of the Danish TPT couples treated from 2002 and recorded with a delivery chose to have invasive prenatal diagnostics in the pregnancy (Fedder et al., 2011) . However, the majority had a nuchal translucency examination performed.
The quality of data on congenital malformations in the Danish National Patient Register has been validated and found acceptable for epidemiological research (Larsen et al., 2003) . However, registry-based studies are encumbered with the risk of reporting or coding errors or missing data due to insufficient coding. Methodological limitations in studies based on register data have been described by Toppari et al. (2001) , who suggested that two-thirds of hypospadias in Denmark remained unreported. Thus, the rates of hypospadias and undescended testicles might be underestimated. This possible tendency of underestimation is the same as for both study and control groups as Q-diagnoses were recorded similarly in all four groups and may therefore not bias the results, although a Type II error may occur.
The low frequency of VLBW children in the TPT group may be due to selection bias as inclusion in the TPT database was based on selfreported questionnaires from the parents. Although the non-response rate was only 2.5%, selection bias cannot be excluded as couples with very preterm born children may be more reluctant to return the questionnaire.
In this cohort study including 90 000 children we found no cases of Wilm's tumour in any of the groups. This also applied to the classical imprinting-related disorders such as Beckwith-Wiedemann syndrome (BWS) and Angelman syndrome (AS), which has been described to occur in 1:13 700 children and 1:16 000 children, respectively (Amor and Halliday, 2008) . One explanation might be that registration of such seldom occurring disorders, which only in some cases are caused by imprinting (BWS 65%, AS 3% and Prader-Willi syndrome (PWS) ,1%) are incomplete. Lidegaard et al. (2005) detected, in another population-based Danish register study, only three cases with PWS (suggested frequency 1:17 500 according to Amor and Halliday, 2008) out of 448 401 ART and control children. Another explanation is that PWS and AS cannot be diagnosed until a certain age of the child and that our follow-up period is too short to recognize the few cases with these rare syndromes. Meanwhile, we found a significantly increased rate of neoplasms in bones and joint cartilage in twin children, including an unknown number of osteoscarcomas in the TPT group. This finding may be random due to multiple comparisons. Osteosarcoma is the most common primary bone malignancy and arises most commonly in the metaphyseal region of long bones in adolescents and young adults during growth. It has a complicated molecular pathogenesis and it only involves imprinting in 5% of cases (Broadhead et al., 2011) .
In conclusion, this study shows that the sex ratio after ICSI with epididymal or testicular sperm was reduced compared with IVF but not compared with ICSI with ejaculated sperm and NC. For singletons the rate of LBW after TPT was increased compared with NC, but not compared with IVF or ICSI. The overall rate of congenital malformations was similar between the groups, but for TPT singleton boys
